This study reports on the first experimental evidence of the existence of the Zr 2 AlC MAX phase, synthesised by means of reactive hot pressing of a ZrH 2 , Al and C powder mixture. The crystal structure of this compound was investigated by X-ray and neutron diffraction. The lattice parameters were determined and confirmed by high-resolution transmission electron microscopy. The effect of varying the synthesis temperature was investigated, indicating a relatively narrow temperature window
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Introduction
Layered ternary carbides with a M 2 AC stoichiometry, where M is a transition metal and A is a metametal, were discovered in the 1960's. These phases, at the time called H-phases, had a Cr 2 AlCtype crystal structure with an ordered close-packed hexagonal lattice [1, 2] . Later on, due to the synthesis and characterization of Ti 4 AlN 3 [3] and the existence of a number of 312 phases, the family expanded and became known as the M n+1 AX n (MAX) phases with M an early transition metal, A an A-group element (mainly groups [13] [14] [15] [16] in the periodic table), X corresponding to C or N, and n an integer, commonly equal to 1, 2 or 3 [4] [5] [6] . The respective stoichiometries are commonly referred to as 211, 312, and 413-type MAX phases. The regained interest in these thermodynamically stable layered carbides and nitrides in the late 1990s and early 2000s [6] , and the fact that they form an established research field today [7] [8] [9] [10] , can be attributed to the fact that some of them have attractive properties combining the merits of metals and ceramics, i.e., good mechanical properties (flexural strength, fracture toughness), stability at elevated temperatures, high thermal and electrical conductivity, and remarkable machinability. Most of these properties result from their characteristic nanolaminated crystal structure, where the A-planes act as metallic atomic layers between the MX ceramic layers [7] .
New MAX phases are still being discovered. The n-value is not limited to 3 and can take higher values of 4 or 5 [11, 12] . Hu et al. recently provided a partial list of the new MAX phases discovered in the period 2004-2013 [13] , bringing the total count to well above 70. Other important additions are the new 211 phases Nb 2 GeC [14] and Mn 2 GaC [15] . There is also plenty of work on solid solutions where existing phases are mixed, as reported in a recent overview by Naguib et al. [16] . In some cases, this yields new phases (where neither end member exists) [11, 17] and/or ordered quaternary phases [18] [19] [20] [21] . Furthermore, the recently synthesised Mo 2 Ga 2 C (with double "A" layers) "may be the first of a distinct family of MAX-related phases" [22] . More recently, we reported on the synthesis of Zr 3 AlC 2 , the first experimentally-produced MAX phase in the Zr-Al-C system [23] .
Zr-based materials are of great interest for the nuclear industry because Zr atoms have a small crosssection for thermal neutrons. Apart from this economical argument, the fuel cladding materials of next generation (Gen-III+) light water reactors (LWRs) must withstand severe operating conditions where mechanical and thermal loads are combined with high neutron irradiation doses and strongly oxidative or corrosive environments [24] . Based on their superior properties, MAX phases are considered as candidate materials for fuel cladding applications, either in bulk form or as coatings.
Zr-based MAX phases have been reported mainly in the 211-stoichiometry with In, Pb, S, Sn or Tl as A element [2, 6, [25] [26] [27] [28] . In the Zr-Al-C system, a series of hexagonal phases have been reported based   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 3 on the chemical formula (ZrC) n Al 3 C 2 or (ZrC) n Al 4 C 3 (where n = 1, 2, 3…). These phases show crystallographic similarities with the typical MAX phases but have a higher hardness that makes them less machinable by means of conventional tools [29] [30] [31] [32] . Similar to the chemically-related Ti-Al-C system, where both Ti 3 AlC 2 and Ti 2 AlC phases exist, Zr 2 AlC is predicted. Although this phase has not been previously synthesized experimentally, the structure of Zr 2 AlC was proposed by Reiffenstein et al. in 1966 [33] and more recently predicted by ab initio calculations [34] [35] [36] .
Regarding solid solutions related to Zr 2 AlC, the partial substitution of Nb with Zr, resulting in (Nb 0.8 ,Zr 0.2 ) 2 AlC, has been experimentally reported as well as some systematic studies by Horlait et al. [16, 37, 38] . Considering theoretical predictions, Shang et al. calculated the energy of mixing for (Cr 1−x ,Zr x ) 2 AlC with varying x. (Cr 0.5 ,Zr 0.5 ) 2 AlC was found to be metastable, whereas solid solutions with x equal to 0.25 and 0.75 were predicted to be unstable [36] .
Considering the oxidation resistance, Tallman et al. reviewed the behaviour of Ti 2 AlC, Ti 3 AlC 2 , and Cr 2 AlC in air. One of the conclusions is that the 211-stoichiometry exhibits a better resistance against oxidation due to its higher Al-content that enables the formation of a protective Al 2 O 3 oxide layer [39] .
Due to the volume expansion related with the oxidation, Al 2 O 3 is able to 'heal' cracks and recover the strength of the material [40, 41] . This self-healing of Cr 2 AlC could be improved by adding 0.2 at% Y metal [42] . A theoretical study on the self-healing capacity of MAX phases suggested that Zr 2 AlC could fulfil the requirements for crack healing by high-temperature selective oxidation [43] . clads. In this study, the experimental synthesis of Zr 2 AlC is reported for the first time.
Experimental procedure
ZrH 2 (grain size < 6 µm, > 99% purity, Chemetall, Germany), Al (< 5 µm, > 99% purity, AEE, US) and C (< 5 µm, > 99% purity, Asbury Graphite Mills, US) powders were used as starting materials for the synthesis of the MAX phases. The powders were mixed in a Zr:Al:C molar ratio of 50:20:30 (corresponding to a 2:0.8:1.2 stoichiometry) in a Turbula multidirectional mixer. The original intent was to synthesize Zr 3 AlC 2 , with this starting stoichiometry (equivalent to 3:1.2:1.8). ZrO 2 (Tosoh 3Y-TZP, 5 mm Ø) milling balls and isopropanol were added in order to homogenize the mixing and break-up soft agglomerates. After drying, the powder mixture was poured into a 30 mm inner-diameter graphite die and cold-compacted at 20 MPa. Subsequently, the die/punch/powder set-up was hot pressed (W100/150-2200-50 LAX, FCT Systeme, Frankenblick, Germany) in a vacuum environment at a heating rate of 25°C/ min up to 1475, 1525 or 1575°C. Once the processing temperature was 4 reached, the samples were held at temperature for 0.5 h. The initially-applied load of 7 MPa was increased to 20 MPa upon reaching the dwell temperature.
The outer 1 mm-thick layer was ground off from the hot pressed disc prior to mechanical polishing for X-ray diffraction (XRD) characterization and microstructural analysis. XRD data were obtained from the polished top and cross-sectional surfaces using Cu K α radiation in a Bruker D8 advance diffractometer operated at 40 kV and 40 mA in the Bragg-Brentano geometry with a divergence slit of 0.4°. For room temperature characterization, 2q step intervals of 0.005° were applied from 8 to 158°
with a counting time of 3 s per step. The lattice parameters of the top and cross-section of the diskshaped sample were determined. No statistically-significant difference between those two surfaces was found and the reported value is the average of both. Rietveld refinements of the diffraction patterns were performed using the Materials Analysis Using Diffraction (MAUD) software [45] .
Electron probe microanalysis (EPMA, JXA-8530F, JEOL Ltd., Japan) was used for microstructural and chemical analysis. The Zr:Al ratio in the MAX phase grains was determined by quantitative energy dispersive X-ray spectrometry (EDS, EDAX, US). Furthermore, the elemental distribution of Zr, Al, and C in the sintered ceramics was mapped. The beam current and accelerating voltage were fixed at 15 nA and 15 kV.
High-resolution transmission electron microscopy (HRTEM), EDS and selected area diffraction (SAED) were performed using a FEI Tecnai G2 TF20 UT equipped with a field emission gun operating at 200 kV with a point resolution of 0.19 nm. The TEM sample was prepared by embedding manually crushed powder obtained from the hot pressed samples in a Ti grid with a carbon-based glue.
The sample was then mechanically polished down to 50 µm followed by ion milling to reach electron transparency.
Neutron powder diffraction (NPD) experiments were done on the KARL double axis diffractometer [46] , mounted on the Israeli Research Reactor 1. The measurements were performed at room temperature (RT) with an incident neutron wavelength of 0.982(2) Å. This low incident wavelength, combined with an angular step of 0.05°, generated sufficient angular range and angular resolution for this structural study. A powder sample of ~5 g, taken from the sample hot pressed at 1525°C, was loaded into a cylindrical vanadium sample holder, which was used to significantly reduce coherent scattering from the holder. The results were analysed using the Rietveld refinement method with the FullProf software package [47] .
X-ray photoelectron spectroscopy (XPS) employing monochromatic Al K α radiation (hn = 1486.6 eV) was used to determine compositions in the surface region of a powder sample. Prior to the analysis, samples were sputter-cleaned in-situ with 4 keV Ar + ions incident at an angle of 70° with respect to the surface normal for 10 minutes. Sputtering was performed until a steady-state (i.e., minimizing 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 5 surface oxygen contaminations in the powder) was observed for the core levels. Deconvolution and quantification was performed using the CasaXPS software with elemental sensitivity factors supplied by Kratos Analytical Ltd.
The hardness was measured using a Vickers indenter (FV-700, Future-Tech Corp., Tokyo, Japan) and an indentation load of 30 N was applied for 10 s on a polished surface. The reported value is the average of 5 indents.
Results and discussion
The XRD patterns of the top surface of the samples that were reaction hot pressed in the 1475-1575°C range with a Zr:Al:C starting powder molar ratio of 50:20:30 are compared in Figure 1 . At 1475°C, the main compound was the binary carbide ZrC x . The stoichiometry of the binary carbide can vary between ZrC 0.99 and ZrC 0.55 [48] . Additionally, Zr 2 AlC was detected as a secondary phase together with the intermetallic Zr 2 Al 3 . When the synthesis temperature increased to 1525°C, the amount of Zr 2 AlC increased significantly, the intermetallic phase disappeared and the ZrC x content decreased.
Based on this observation, the following formation reaction may be proposed: 
The existence of two phases in the sample processed at 1525°C is further supported by microstructural analysis and elemental maps shown in Figure 3 
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Rietveld refinement was performed on the XRD pattern in Figure 2 . The obtained a and c lattice parameters are summarised in Table 1 from previous reports (see, e.g. [51] ). Due to the large coherent scattering length of thermal neutrons 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 7 by C, neutron diffraction is readily used for C occupancy determination. Refinement of this parameter in both Zr 2 AlC and ZrC phases resulted in full C occupancy in both compounds. A small amount (~5 wt%) of Zr 3 AlC 2-x was identified as a third phase. This phase was not detected by XRD and might be the consequence of the early stage of the transition from '211' to '312' according to reaction (2) .
Based on the experimental XRD data, a list of calculated d-spacings, 2θ angles and relative intensities is generated using generated using Powder Cell (see Table 2 ). The experimentally-obtained 2θ angles are included for a comparison. Table 1, together with the observed 2θ angles and relative intensities. The (008) peak was not observed due to its low intensity (*). The (202) and (109) peak were hidden by the ZrC x (311) diffraction peak (**). The Vickers hardness of the Zr 2 AlC-ZrC composite material produced by hot pressing at 1525°C, was measured to be 6.4±0.1 GPa under a load of 30 N. This value is rather low considering the high 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 8 hardness of ZrC and indirectly confirms the deformability and machinability of this MAX-phase material. A secondary electron (SE) image of an indent is shown in Figure 6 . As with most MAX phases, no cracks were found to originate from the corners of the Vickers indent, despite the high load.
The typical block-shaped cross-section of the laminated MAX phase grains is visible in the area around the indent.
Two MAX phases have been discovered in the Zr-Al-C system. The recent report on Zr 3 AlC 2 [23] together with the present study on Zr 2 AlC reveals the existence of a '211' and '312' type in this system. The similarity with the Ti-Al-C MAX phase system is conspicuous, especially taking into account that Ti is chemically related to Zr as they belong to the same group in the periodic table.
Comparing the synthesis routes of Ti 2 AlC and Zr 2 AlC, a similarity between the antecedent intermetallic phases is observed. Starting from elemental powders, TiAl and Ti 3 Al are the intermetallic phases that have been reported during the synthesis of Ti 2 AlC [52] . Ti 3 Al is only stable up to ~1150°C according to the Ti-Al phase diagram, [48] while the synthesis of Ti 2 AlC during pressure-assisted sintering takes place around 1300-1400°C [53] [54] [55] [56] . In this temperature range, TiAl is the only stable intermetallic phase. The suggested in [56] to improve the phase purity of M-Al-C compounds, as for example done for the synthesis of Nb 4 AlC 3 [57] . In the case of Zr-Al-C, lower amounts of Al and a higher amounts of C resulted in the first synthesis of Zr 3 AlC 2 [23] and Zr 2 AlC. Said otherwise, to synthesize the Zr 2 AlC phase we started with a 5:2:3 chemistry and to synthesize the 312 phase we started with a 4:1.25:2.6 chemistry [23] . No clear reason for this behaviour was found, as the XPS results indicate an excellent agreement with the stoichiometric ratio of the elements and the C-occupancy determined by NPD was found to be close to 1. A possible explanation of this trend is that the initial chemistry determines the reaction paths. In particular the formation of ZrC is a competing reaction, which should be compensated for in the starting powder composition. Several reaction steps might occur before reaction (1) takes place. These steps can be influenced by the dehydrogenation reaction, as well as by the initial C and Al contents. In 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 9 order to verify this explanation, a more in-depth investigation combining experimental evidence with a first-principle study is required and is currently ongoing.
Conclusions
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